Purpose Total en bloc spondylectomy (TES) is accompanied by preoperative embolization of segmental arteries, which is limited to three consecutive levels to avoid the risk of spinal cord ischemia. We retrospectively examined the efficacy and safety of repeated TES with embolization of more than three levels of segmental arteries. Methods Seven patients underwent TES twice for spinal metastases at different levels. Every patient underwent embolization of the bilateral segmental arteries before each surgery. We assessed the total number of segmental arteries embolized, the existence of Adamkiewicz arteries during the embolization procedure, intraoperative blood loss, and the motor function of the lower limbs, using the American Spinal Injury Association (ASIA) motor score. Results No patient experienced any motor deficit after embolization. During the embolization procedure, an Adamkiewicz artery was depicted in five patients, which precluded embolization at that level. The median number of segmental arteries embolized in total was 9 (9-11). Intraoperative blood loss (median, IQR) was 480 (420-630) ml during the first surgery and 520 (280-600) ml during the second surgery. The ASIA motor scores (median, IQR) were as follows; 100 (98-100) (first admission), 100 (100-100) (first discharge), 100 (98-100) (second admission), and 97 (94-100) (second discharge). No patients had developed statistically significant neurological deterioration, and there had been no local recurrence after a median follow-up of 17.8 months (range 1-51 months). Conclusion Repeated TES procedures can be performed safely even if more than three levels of segmental arteries are embolized.
Introduction
Spinal metastases are a clinically challenging condition, with a morbidity rate of approximately 30 % among cancer patients [1] . Additionally, 5 % of cancer patients will develop neurological deterioration during their clinical course [2] [3] [4] [5] . The resulting clinical burden of these conditions is substantial due to the increasing life expectancy accompanying the recent advances in oncological therapies.
The purposes of treatment for spinal metastases are to prevent tumor recurrence, to decompress the spinal cord to avoid paralysis, and to restore the mechanical stability of the spine. To achieve these purposes, we developed a new procedure, total en bloc spondylectomy, which aims to provide a local cure for the spinal metastases [6] . This technique of en bloc resection has proved to be effective in improving the prognosis of both primary and metastatic bone tumors of the spine [7, 8] . To prevent massive intraoperative bleeding, we routinely embolize the segmental artery at the level of the affected vertebrae 1 or 2 days before surgery [9] . However, the extent of embolization is limited up to three levels to help prevent spinal cord ischemia [10, 11] .
In some cases, after the first TES, another spinal metastasis emerges at a different level, and it is sometimes necessary to perform another TES procedure. As part of this procedure, we have also had to embolize the segmental arteries, corresponding to the newly emerged spinal metastases. As a result, the total number of embolized arteries exceeded three levels, which could potentially induce spinal cord ischemia, leading to neurologic compromise.
The purpose of this study was to retrospectively examine the efficacy and safety of repeated TES, with embolization of more than three levels of segmental arteries.
Materials and methods

Patients
We retrospectively reviewed the records of seven patients [four males and three females, median age: 51 years old, (IQR 42-57) Table 1 ] who underwent TES twice for spinal metastases at different levels and times within study period between April 2010 and December 2014. The cases consisted of four patients with renal cell carcinoma, two with thyroid carcinoma and one with chondrosarcoma.
We collected the data regarding arterial embolization (the total number of segmental arteries embolized, the existence of an Adamkiewicz artery depicted during the embolization procedure), the surgical procedure (intraoperative blood loss, months between the first and second operation), and the clinical outcome (motor function of the lower limbs, using the American Spinal Injury Association (ASIA) motor score, local recurrence during the study period).
Embolization procedure
Before each TES procedure was accompanied by preoperative embolization of segmental arteries. The patients underwent diagnostic angiography and embolization under local anesthesia using a femoral approach. Selective catheterization of the corresponding segmental arteries, including one level above and one below the tumor site, was performed followed by selective angiography of suspected tumor feeder arteries to the tumor. Coils were used in combination with polyvinyl alcohol as the embolic material. If an Adamkiewicz artery was depicted during angiography procedure embolization at the origin of this segmental artery was avoided.
Surgical procedure
All patients underwent the routine surgical procedure as has been described in the literature [6] . Decompression of the spinal cord was accomplished by en bloc corpectomy following en bloc laminectomy. The anterior column was then reconstructed by inserting a vertebral spacer packed with autograft bone. During each surgery, posterior fixation extended two levels above and two below the tumor site. If the proposed levels of fixation in the second surgery were to overlap the fixation placed during the first surgery, rod connectors, or converting rods were used.
Statistical analysis
Statistical analyses were performed using the JMP Ò version 11 software program (SAS, Cary, NC) Descriptive statistics were used to analyze clinical information, demographic factors, and other test data. Continuous variables are expressed as the medians and interquartile range (IQR). The differences in the motor scores before and after treatment were examined using Mann-Whitney U test. A P \ 0.05 was considered to be statistically significant.
Results Embolization
Every patient underwent preoperative embolization of the segmental arteries before each surgery. The mean total number of segmental arteries embolized was nine (range [8] [9] [10] [11] . Detailed data about embolization procedure are shown in Table 2 . During the embolization procedure, an Adamkiewicz artery was depicted in five patients (Table 2) , and embolization at the origin of this segmental artery was avoided in these cases. No patient experienced deterioration of his or her baseline neurologic status post-embolization.
Surgery
Detailed data about the surgical procedure are shown in Table 3 . The median interval between the first and second surgeries (median, IQR) was 21 (5-49.1) months. In the thoracic spine, the nerve roots corresponding to the tumor level were ligated and cut; as necessary, nerve roots one level above and/or below were also ligated and cut. In the lumbar spine, the nerve roots below the L3 level were not cut, but only dissected from surrounding tissues. If the corresponding nerve roots were at L1 or L2, we also ligated and cut these roots. Based on our experience, sacrificing the nerve roots above the L1 or L2 level does not lead to a significant loss of neurologic function. The intraoperative blood loss (median, IQR) was 480 (420-630) ml during the first surgery, and 520 (280-600) ml during the second surgery. Only one patient needed a blood transfusion postoperatively.
Outcomes
The ASIA motor scores of the lower limbs are shown in Fig. 1 . No patients had developed statistically significant neurological deterioration and all were free from local recurrence after a median follow-up of 17.8 months (range 1-51 months). Significant surgical complications were two hardware failures which required revision surgery, and a case of postural hypotension of unknown etiology.
Illustrative case
Case 7 was a 68-year-old male with spinal metastases from renal cell carcinoma to T7 who presented at our hospital. After embolization of the bilateral segmental arteries from T6 to T8, he underwent TES of T7 and experienced no perioperative complications (Fig. 2a) . However, 20 months later, rod breakage was found on follow-up radiographs and newly emerged metastases at T8 and T9 were discovered on MRI (Fig. 2b) . A second TES procedure was planned and during preoperative embolization, a communicating branch had developed from the T9 segmental artery to the T8 segmental artery (Fig. 2c) . The patient underwent a second TES procedure at T8 and T9 without complications (Fig. 2d) . Since surgery, no local recurrence has been observed during the 17-month follow-up period. Fig. 1 The ASIA motor scores in this case series
Discussion
In our study, repeated TES and preoperative embolization caused no neurological deterioration arising from spinal cord ischemia or the surgical procedure. The local control of the affected spine was favorable. Preoperative embolization to prevent excessive intraoperative bleeding when surgically treating metastatic spinal tumors is now widely used [12] . At our institution, the extent of embolization has been limited up to three levels to prevent spinal cord ischemia [10, 11] . In this case series, though embolization was performed twice at separate times, the total number of embolized arteries exceeded three levels, which may increase the risk of neurological deterioration due to decreased blood flow to the spinal cord. However, the outcomes with regard to the neurological function did not worsen even after the second TES. There have been several studies which have indicated that occlusion of the segmental arteries leads to the development of collateral pathways of intraspinal and paraspinous arteries and arterioles [13] [14] [15] [16] , and these collateral pathways developed within 5 days after occlusion in those cases. These studies may explain the reasons for the preservation of the neurological function after the multiplelevel embolization of the segmental arteries in our case series. The time interval between the first and second embolizations was long enough to allow the development of a collateral artery network. An example of this is seen in case 7, where collateral blood flow from the T9 segmental artery to the T8 segmental artery was depicted during the second embolization procedure (Fig. 2) .
Regarding the surgical procedure, nerve roots at the operative level had to be sacrificed if the level was above L3. In this case series, the number of sacrificed nerve roots was multiple and often exceeded three levels. Despite this, neurological function remained preserved. We previously reported that ligation of nerve roots in the thoracic region did not lead to worsening of the neurological function [17] . We have also observed that neurologic function is also preserved following the ligation and transection of the L1 or L2 nerve roots. Further studies will be needed to confirm these studies, but they support our experiences indicating that repeat TES is safe.
The TES procedures in this case series were without any perioperative complications. The intraoperative blood loss was minimized, and only one of the seven patients required a blood transfusion, which indicates that the embolization had succeeded in limiting the intraoperative blood loss, as reported previously [9, 12, 18, 19] .
There are several limitations associated with this study that should be kept in mind when interpreting the results. First, the number of cases in this study was relatively small (seven) and we are unable to extrapolate the result of this study to future cases. Secondly, we had two cases of hardware failure in these seven cases, both of which required revision surgery. Furthermore, improvements in reconstruction after the resection of tumor-containing vertebra are needed. a b c d Fig. 2 a A postoperative radiograph of the thoracic spine after first surgery. b MRI images showing recurring metastasis at T8, 9 (a high intensity area around the pedicle screw in the axial image). c The angiography findings before the second operation. The right T8 segmental artery with a collateral pathway to T9 was depicted during angiography of the T9 artery (arrow). d A postoperative radiograph of the thoracic spine after the second surgery
Conclusion
Repeated TES procedures can be performed safely and can provide good surgical outcomes, even if preceded by embolization of segmental arteries in more than three levels.
Conflict of interest None.
